ratios for zinc and iron reveals that, in vitro, zinc is the preferred substrate at all concentrations of porphyrin. This is not the observed biological specificity, where Znporphyrins are abnormal; these data argue for the existence of a specific iron delivery mechanism in vivo. We demonstrate that zinc acts as an uncompetitive substrate inhibitor, suggesting that ferrochelatase acts via an ordered pathway. Steady state characterization demonstrates that the apparent depends on zinc and shows substrate inhibition. While porphyrin substrate is not inhibitory, zinc inhibition is enhanced by increasing porphyrin concentration. This indicates that zinc inhibits by binding to an enzyme product complex (EZnD IX ) and is likely to be the second substrate in an ordered mechanism. Our analysis shows that substrate inhibition by zinc is not a mechanism that can promote specificity for iron over zinc, but is instead one that will reduce the production of all metallo-porphyrins in the presence of high concentrations of zinc.
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Ferrochelatase (E.C. 4 .99.1.1), the final enzyme of heme biosynthesis catalyses the insertion of ferrous iron into protoporphyrin IX (1); this reaction is commonly proposed to involve a distorted porphyrin intermediate (1, 2) . In vitro, ferrochelatase has a broad metal ion specificity with insertion of Zn 2+ , Co 2+ , and Cu 2+ having also been observed (1, 3) . Metal ion specificity is species dependent; the ferrochelatase from B. subtilis accepts Cu 2+ but not Co 2+ as a substrate (4) , in contrast to the widely reported specificity of most other ferrochelatases. Interestingly, it has recently been demonstrated that the poor activity towards Cu 2+ as a substrate -in the case of the murine and yeast ferrochelatases at least -arises from substantial substrate inhibition (3) . Of the competing metal ions Zn 2+ is perhaps the most biologically significant; under conditions of iron depletion or lead poisoning, zinc-porphyrins can be formed physiologically (5) and the presence of zinc-porphyrins in human blood can be used as a diagnostic test for lead poisoning (6) . It has been suggested that the metal ion specificity of ferrochelatase is determined by the extent of porphyrin distortion in the active site of the enzyme (2). More recent crystallography has shown that some metal-ion inhibitors are inserted into porphyrins and the inhibition therefore arises from reduced product release (7) . Crystal structures of free enzyme (8, 9) , as well as enzyme with metal (10, 11), inhibitors (12, 13) , porphyrin substrate (14) and a range of porphyrin products (7, 15) are available. Ferrochelatase is a peripheral membrane protein and in vitro biochemical studies generally require the use of detergent; this is most often cholate. When crystallized the human enzyme had cholate bound in the active site (7) . Transient kinetic studies have shown that the metal ion insertion step in the ferrochelatase catalyzed reaction is at least ten-times faster than the overall reaction (16) . Recent studies of the metal specificity have shown that the presence of metal-ion chelators in ferrochelatase assays can have significant impact on the observed kinetics when using non-physiological metal-ion substrates (3) . Extending these observations, we have demonstrated that the apparent substrate inhibition caused by metal can also be alleviated by increasing the concentration of detergent in the assay. We show here that zinc acts as an uncompetitive substrate inhibitor, strongly suggesting a model where human ferrochelatase acts in a steady-state ordered fashion. The substrate inhibition most likely arises from zinc binding to an enzymeproduct complex (EZnD IX ). This inhibition is not observed in the presence of higher concentrations of the detergent cholate, and it is likely that increasing detergent concentrations also increases K m DIX and so reduces the concentration of enzymeproduct species for the inhibitor to bind. (20) . ZnCl 2 was prepared in water treated with Chelex-100 and stock concentrations were determined spectrophotometrically after reaction to completion with excess D IX . Assays were performed over a range of substrate concentrations detailed in the appropriate figure legends. Consistent results were obtained with distinct protein preparations. Determining extinction coefficients. Extinction coefficients for the transformation of D IX into ZnD IX were determined from the "A measured on complete transformation of a known concentration of D IX . These reactions were performed at two different zinc concentrations to ensure that the equilibrium results in essentially complete formation of product and at two different enzyme concentrations to ensure that there was no contribution of enzyme-bound porphyrin to the observed absorbance change. A "! 536 of 10400 M -1 cm -1 was used throughout. Data analysis. Kinetic parameters were evaluated by fitting the appropriate equation to initial rates using non-linear regression analysis implemented in Igor Pro. (Version 5.04B, Wavemetrics Inc., Lake Oswego, OR).
EXPERIMENTAL PROCEDURES

RESULTS
Steady-state kinetics
In the absence of added cholate, the response of initial rate of zinc-deuteroporphyrin (ZnD IX ) formation to the concentration of metal ion shows the characteristic pattern associated with substrate inhibition ( Figure 1A ). Similar data have been reported recently for the murine and the yeast enzymes (3) . In this case, however, it is apparent that the extent of substrate inhibition also depends on the concentration of porphyrin; high porphyrin concentrations noticeably increase the extent of zinc inhibition ( Figure 1A Figure 1B ). In contrast, the presence of the detergent sodium cholate (0.5% w/v) abolishes the substrate inhibition by zinc ( Figure 1C ). Under these conditions apparent K m values for D IX are substantially higher than those seen in the absence of added cholate ( Figure 1D ). In order to fully characterize the behavior of ferrochelatase with respect to zinc we undertook a full steady-state characterization in the presence and absence of added cholate. In the absence of added cholate the apparent kinetic parameters and both and show hyperbolic dependencies on the concentration of porphyrin (Figure 2 ). In contrast, the kinetic parameter has a nonhyperbolic dependence on zinc concentration and clearly shows substrate inhibition. In the presence of 0.5% cholate the profiles are rather different and three of the apparent kinetic parameters show a hyperbolic dependence on substrate concentration (Figure 3 Figure 1 ), while the theoretical lines are obtained from the parameters estimated from a fit of equations 1 or 2 to the entire data set. The observation that substrate inhibition by zinc can be abolished at high concentrations of detergent is not only seen when that detergent is cholate but also when we use the detergent CHAPS (Figure 4) .
DISCUSSION
Zinc has been widely used as a convenient substrate for ferrochelatase because of zincporphyrins spectral properties (21) and because it avoids any concern over substrate oxidation (22) . However reasonable objections can be made to the use of zinc; it is not the physiological substrate and conclusions are hard to translate between metal ion substrates (1). This concern is strongly supported by the recent demonstrations with a variety of metal ions showing that alternative metal ion binding sites can inhibit or activate the reaction (3, 23) . In addition, the relatively fast uncatalyzed insertion of zinc into porphyrins can complicate the observed kinetics. The work presented here with the human enzyme and recently with the murine and yeast enzymes (3) shows the difficulties with the simple assumption that data collected with one metal-ion substrate is interpretable in terms of another. However, changing the metal ion used as a substrate is a relatively modest structural variation and arguably less extreme than mutagenesis of active site residues. In this report we consider the mechanistic variation on going from a reasonable model of the physiological substrate, which is most likely a Fe-(Iron Carrier Protein) complex (24, 25) , to an abnormal, but biologically relevant, substrate. Steady-state kinetic parameters can be used to describe enzyme specificity and it is well known that in the case of a single substrate enzyme the appropriate parameter is the ratio of specificity constants (k cat /K m values) of the two substrates (26) . We are concerned here with a two substrate enzyme and the situation is slightly more complex (27-31). In general the ratio of rates towards two alternative substrates depends on the ratio of apparent k cat /K m values (31) and so on the concentration of the other substrate. Under some conditions and with some mechanisms this is the same as the k cat /K m ratio (29, 31) . As a consequence, inhibitors and activators can only change the specificity if they perturb the ratio of apparent k cat /K m values. (3) . While it appears reasonable that the substrate inhibition seen with metals other than iron acts to increase the specificity for iron (3), this is only correct if binding to the inhibitory site changes the k cat /K m app ratio. In the case of uncompetitive substrate inhibition, and as it is clear that this inhibition cannot affect the distribution of metalloporphyrin products. The inhibition may still be of physiological benefit as it will reduce the amount of inappropriate metalloporphyrins formed, although at a cost of reducing the amount of heme formed. So, in the presence of high concentrations of zinc we would expect the production of both heme and zinc-protoporphyrin to be substantially reduced. In all of these cases there is no substantial specificity for iron over zinc; this is not, however, the observed biological specificity where Znporphyrins are abnormal (5) . The physiological distribution of products also depends on the relative concentration of the two substrates and it is reasonable that iron delivery systems act to increase the local iron concentration (24, 25) or change the specificity ratio on binding to ferrochelatase.
It is noticeable that zinc is an effective inhibitor of the reaction as well as being a substrate. The primary plots (Figure 1) show that the zinc inhibition is promoted by the porphyrin substrate. This argues that zinc binds to the EZnD IX complex to inhibit (Scheme 1) and that Zn 2+ is the second substrate (32) . This behavior requires that significant amounts of the EZnD IX complex exist in the steady-state and therefore that ZnD IX disassociation is partially rate limiting. This result is thus in agreement with previous transient kinetic studies using iron (16) and zinc (33, 34) as metal ion substrates. This conclusion can be contrasted to previous work with the bovine enzyme (35) where steady-state inhibition studies using both product and alternative substrate demonstrated an ordered mechanism where iron bound first. As discussed below, the alternative detergents used in this study could modify the observed behavior. A number of potential metal ion binding sites in ferrochelatase have been proposed (for a recent summary see ref.
3). As a consequence it is difficult to make a reasonable proposal to explain how binding an additional metal ion impedes product release from the enzyme-product complex in the absence of a structure of the enzymeproduct-inhibiting metal complex. Nevertheless, the substrate inhibition described here requires an additional zinc binding site, in contrast to the inhibition that arises from poor release of product after chelation of inhibitory metals (7). The inhibition by zinc is, however, dependant on the concentration of detergent present in the assay. A number of explanations present themselves for this change in observed kinetic behavior. Most seriously, this change could arise if the order of substrate addition changes with detergent concentration. While this may appear unlikely, it is possible if porphyrin release from detergent is slow in comparison to porphyrin uptake by ferrochelatase. So increasing the detergent concentration disfavors the pathway shown in Scheme 1 and the enzyme proceeds through a substantially slower path where zinc binds first. Alternatively, detergent binding to the protein could prevent Zn 2+ binding to the EZnD IX complex. Finally, most simply, inhibition by zinc could be reduced by reducing the concentration of the EZnD IX species; this could easily happen if increasing detergent concentration also increased the porphyrin K m and thus reduced the concentration of enzyme product complex at a given set of substrate concentrations. The relative concentration of the EZnD IX complex could also be reduced if cholate preferentially solubilizes the metallated porphyrin product. This effect is not detergent specific as CHAPS is also capable of relieving the zinc inhibition (Figure 4) . While CHAPS is, like cholate, a bile salt derived detergent, it is zwitterionic rather than anionic and it forms rather larger micelles (36) . Adding cholate has a significant effect on the kinetic parameters. In particular, k cat /K m DIX decreases substantially on increasing the cholate concentration to 0.5% (w/v). In the simplest ordered mechanism, where there is no isomerization of either the free enzyme or the ED IX complex, this parameter reflects the rate constant for porphyrin binding. The drop in k cat /K m can either be attributed to cholate binding the porphyrin and making it less accessible to the active site or cholate binding in the enzyme active site makes it less accessible to porphyrin. As crystallographic data demonstrate that cholate can bind in the active site of ferrochelatase (8) In conclusion, we have shown that ferrochelatase shows kinetics consistent with an ordered mechanism under relatively low detergent concentrations and changing the detergent environment has a noticeable effect on the behavior of ferrochelatase. Non-physiological metals or metals associated with abnormal physiology have multiple binding modes. In the mechanism outlined here, the inhibitory binding cannot be associated with a change in specificity but it can result in an overall inhibition of the enzyme; reducing the amount of the incorrect metalloporphyrin formed albeit at the cost of also reducing heme formation. Figure 1 by guest on September 16, 2017 
